The biogeochemical cycle of iron is intricately linked to numerous element cycles. 25
Main 44
Iron oxides are important components of coastal and continental shelf sediments, and are 45 thought to originate primarily by river deposition (Poulton and Raiswell, 2002) . Authigenic iron 46 oxides can also be formed by the oxidation of ferrous iron [Fe(II)], which has been largely 47 attributed to chemical oxidation of Fe(II) in pore waters in areas with significant sediment 48 mixing and irrigation by animals-bioturbation and bioirrigation-and subsequent reaction with 49 oxygen in anoxic sediments (Aller, 1982; Canfield, 1989) . Although sedimentary chemical 50 oxidation of iron is important under saturated oxygen conditions at neutral pH (Canfield, 1989) , 51 bioirrigated sediments contain microenvironments-formed by burrowing animals-that are well 52 below saturation (Kristensen and Kostka, 2005) where the biological contribution to iron 53 oxidation is quantitatively more significant (Emerson et al., 2010) . Under low-oxygen conditions 54 (< 100 µM O 2 ) and without rapid replenishment of highly reactive, poorly-crystalline iron oxides 55 (i.e., ferrihydrite and lepidocrocite), they would be quickly exhausted by hydrogen sulfide and by 56 bacterial iron reduction, and form iron sulfides or be released to the water column. Collectively, 57 these findings suggest that biology is involved and important in marine sedimentary iron 58 oxidation under ferruginous conditions commonly observed in bioturbated sediments. 59
The Zetaproteobacteria represent a class of iron-oxidizing bacteria (FeOB) that are 60 exclusively found in marine or saline-influenced environments that contain high ferrous iron 61 [Fe(II)] concentrations (McAllister et al., 2011; McBeth et al., 2013; Scott et al., 2015 Scott et al., , 2017 . 62
Coastal marine sediments can have Fe(II) pore water concentrations ranging from ~1-2,000 µmol 63 L -1 that are capable of supporting lithoautotrophic populations of Zetaproteobacteria (Emerson, 64 2016) . Recent studies have identified Zetaproteobacteria in surface openings of benthic 65 macrofauna in the Mediterranean Sea (Rubin-Blum et al., 2014) , worm burrows in sub-marine (Supplementary Table S1 ), and sampling bias (for example, residual sediment on worm 90 burrows). Bioirrigation by benthic animals increases the extent of oxidative processes in these 91 sediments, thus biological iron oxidation can occur at greater depths (10s of centimeters) than 92 typical oxygen penetration of a few millimeters into coastal surface sediments. The abundance of 93
Zetaproteobacteria at the burrow walls correlated with the concentration of pore water ferrous 94 iron [Fe(II)] (Fig. 1b) , which is their main energy source-resulting in the production of solid 95 phase iron oxides around worm burrows (Fig. 1c) . Quantitatively, highly reactive, iron oxides-96 operationally extractable by sodium dithionite (Poulton and Canfield, 2005)-were 3 times 97 higher at burrow walls, which accounted for 20-40 % of the iron oxides with depth 98 (Supplementary Figure S1 and S2). These freshly-produced iron oxides are important substrates 99 for iron-reducing microorganisms that release Fe(II) into pore waters, and are essential to the 100 supply of dissolved iron (dFe) to phytoplankton in the water column in coastal communities and 101 continental shelves (Severmann et al., 2010) . Iron oxides are also important to the mineralization 102 of organic matter in marine sediments by iron reducers (Canfield, 1989) substrates for early 103 pyrite diagenesis (Berner, 1984) , enhance organic matter burial (Lalonde et al., 2012) , and 104 inhibit accumulation of pore water hydrogen sulfide, preventing conditions detrimental to 105 benthic animals (Kristensen and Kostka, 2005) , perhaps functioning as a local firewall against 106 euxinic conditions (Seitaj et al., 2015) . 107
The relative abundance of Zetaproteobacteria in worm burrows resembles the Fe(II) 108 concentration profile (Supplementary Figure S3) , and both were at their maximum values around 109 2-3 cm. The high Fe(II) (~40-140 µM) and low oxygen (~20-60 µM) conditions present in 110 bioturbated sediment pore waters (Supplementary Figure S3) were ideal habitats forabundance decreased with depth in both burrows and sediments ( Supplementary Fig. S3 ), likely 113 due to the decrease in Fe(II) with depth and increase in hydrogen sulfide production by sulfate-114 reducing bacteria. Although there is oxygen in these sediments at depth, hydrogen sulfide may 115 inhibit oxygen respiratory machinery under these conditions. The formation of iron sulfide 116 minerals with increasing depth by biogenic sulfide may also compete with Zetaproteobacteria for 117 access to Fe(II). Under these ferruginous settings, biotic rates of Fe(II) oxidation exceed abiotic 118 chemical oxidation (Emerson et al., 2010) . 119
Two Zetaproteobacteria Operational Taxonomic Units (herein, referred to as ZetaOTUs) 120 dominated the Zetaproteobacterial diversity in worm burrows (Supplementary Table S2 ). The 121 dominant ZetaOTU across all samples was ZetaOTU14, which comprised 32 % of all ZetaOTUs 122 (Supplementary Table S2 ), and is represented by four single cell amplified genomes (SAGs) 123 from diffuse flow vent systems (Field et al., 2015; Scott et al., 2015 Scott et al., , 2017 . We isolated the first 124 member of ZetaOTU14, strain CSS-1 from iron oxide surface flocculent in a laboratory 125 bioturbation microcosm (Supplementary Figure S4) . This strain grew best under low oxygen 126 (~60 µM O 2 ) and high Fe(II) concentrations similar to those measured from sediment pore 127 waters (Supplementary Figure S3) . Strain CSS-1 produced stalks encrusted with poorly-128 crystalline iron oxides under laboratory conditions (Supplementary Figure S4) . These iron oxides 129 are consistent with those produced by other Zetaproteobacteria (Chan et al., 2010) , as well as in 130 naturally occurring iron mats associated with hydrothermal vents, which are highly reactive, and 131 resistant to undergoing diagenesis to more crystalline oxides (e.g., goethite) (Picard et al., 2015) . 132
Single cell genomes from ZetaOTU14 representatives contained genes essential for growth on 133 iron and low oxygen conditions (Supplementary Table S2 ). The second most abundant OTU wasand SV108) (Mori et al.,, 2017) , as well as 5 SAGs from deep-sea vents (Supplementary Table  136 S2). ZetaOTU9 isolates also had genes necessary for growth on iron and low oxygen 137 (Supplementary Table S2 ), and have also been shown to oxidize hydrogen, which may explain 138 the ubiquity of this OTU in sediments and other environments (see below). There was no clear 139 distribution of ZetaOTUs 14 and 9 with respect to depth (Supplementary Figure S3) in worm 140 burrows and sediments-although it is likely that they are adapted for specific Fe(II) and O 2 141 concentrations, which were hypothesized for other Zetaproteobacteria (Field et al., 2015) . 142
We searched for Zetaproteobacterial 16S rRNA gene sequences in marine sediment 143 datasets (Supplementary Table S3 ), and identified them in numerous sediments on a global scale 144 (Figure 2 ). We found a pattern consistent with our samples-ZetaOTUs 14 and 9 were present 145 and generally the most abundant ZetaOTUs in coastal and shelf sediments (Figure 2) . 146
Zetaproteobacteria relative abundance was not found to exceed one percent in other studies, as 147 microenvironments were not considered, which are abundant in bioturbated sediments 148 (Kristensen and Kostka, 2005) . Accordingly, we hypothesize that when the abundance of 149 Zetaproteobacteria exceeds ~0.1 % in sediments, there is active growth and iron oxidation 150 associated with bioturbating and bioirrigating animals. We estimated a median global population 151 size of Zetaproteobacteria to be 1.05 x 10 26 cells (range = 3.83 x 10 24 -1.44 x 10 27 cells) from our 152 measurements (Fig. 1a) and from other studies (Fig. 2) Figure S1 . Distribution of highly reactive iron oxides from worm burrows (n=4) and sediments (n=4) at a depth of 3 cm from "The Eddy" Sheepscot River, Maine, USA. Iron oxides are enriched at worm burrow walls as compared to bulk sediments. Error bars represent ± 1 standard deviation from the mean. Highly reactive iron oxides were extracted with sodium dithionite for 2 hours (Poulton and Canfield, 2005) . . Poorly-crystalline iron oxides-formed primarily by iron-oxidizing Zetaproteobacteria-comprise about 20 % of the total iron mineral content in these coastal sediments. Note: dithionite extractions are likely overestimating crystalline iron oxides, as dithionite also liberates Fe from iron sulfides, pyrite, and some sheet silicate iron-containing minerals (Poulton and Canfield, 2005) . Hydroxylamine HCl=ferrihydrite and lepidocrocite; dithionite=goethite, hematite, and akaganéite; oxalate=magnetite; 12 N HCl=iron silicates; Fe total=sum of all iron mineral phases.
